We develop a formalism to estimate the intrinsic properties of FRBs from observations by assuming a fixed DM contribution from a MW-like host galaxy, pulse temporal broadening models for turbulent plasma and a flat FRB energy spectrum. We then perform Monte Carlo simulations to constrain the properties of the FRB source, its host galaxy and scattering in the intervening plasma from the current observations. The typical scatter broadening of the intrinsic pulse is found to be considerably small 10 −2 −1 ms with the ISM contribution suppressed significantly relative to IGM. The intrinsic width for non-repeating FRBs is broadened by a factor ∼ 2 − 3 on average primarily due to dispersive smearing. The host galaxy DM contribution is likely to be smaller than the Galactic contribution and the FRB energy decreases significantly at high frequencies. We find that the FRB spatial density increases upto redshift ∼ 0.5 − 1.0 and then drops significantly at larger distances. We obtain the energy distribution for FRB 121102 with repetition rate ∼ 0.1 − 0.3 hr −1 and exponential energy cutoff that is significantly smaller compared to typical FRB energies. We find that the probability of observing none of the other FRBs to be repeating at Parkes is ∼ 0.8 − 1.0 with the current follow-up data insufficient to suggest more than one class of FRB progenitors.
INTRODUCTION
Fast radio bursts (FRBs) are radio transients with millisecond duration and ∼Jy brightness, mostly detected from high Galactic latitudes (Lorimer et al. 2007 ; Thornton et al. 2013) . The physical origin of these bursts is still unknown, primarily due to their short durations and the low angular resolutions of the current radio surveys. The frequency dependence of the arrival time delay (∝ ν −2 ) and the pulse width evolution (∝ ν −4 ) of FRBs are both consistent with propagation through cold, turbulent plasma suggesting their astrophysical origin. Until date, more than 50 non-repeating FRBs and two repeating FRBs have been published 1 , and many more bursts are expected to be detected in the near future with the improving sensitivities of the upcoming radio transient surveys.
E-mail: mukul.b@utexas.edu (MB) † pk@astro.as.utexas.edu ‡ Duncan.Lorimer@mail.wvu.edu 1 FRB catalogue lists the properties of all discovered FRBs The cosmological origin of FRBs is strongly suggested by their large dispersion measures (integrated electron column density along the line of sight, DM = nedl ∼ 10 3 pc cm −3 ), which typically exceeds the expected Galactic interstellar medium (ISM) contribution by almost an order of magnitude (Cordes & Lazio 2002) . Assuming that most of the excess DM is due to the ionized intergalactic medium (IGM) contribution (Ioka 2003; Inoue 2004) , the inferred redshifts are in the range z ∼ 0.2 − 2 with a significant isotropic energy release of ∼ 10 38 − 10 40 erg (Thornton et al. 2013; Champion et al. 2016) . Due to their possible cosmological origin, FRBs can also be potentially used as a probe to study the distribution of free electrons in the IGM and cosmology (Gao et al. 2014; Zheng et al. 2014) . The ∼ms pulse duration constrains the FRB source size, thereby implying high radio brightness temperatures and coherent emission (Katz 2014; Luan & Goldreich 2014) .
Although the all-sky isotropic event rate for FRBs above fluence ∼1 Jy ms is relatively high ∼ 10 3 − 10 4 day −1 (Thornton et al. 2013; Champion et al. 2016; Rane et al. 2016) , none of the FRBs except FRB 121102 (Scholz et Table 1 . Observed and inferred parameters for non-repeating FRBs published until January 2019 and with total DM exceeding 500 pc cm −3 . For each reported FRB, we select the observation with largest S/N from the FRB catalogue. We place a lower DM cutoff for the FRBs considered in our analysis here to reduce the error in the estimates of the inferred parameters which are based on the assumption of the host galaxy DM contribution. We also exclude the FRBs with unresolved/imaginary intrinsic widths from our analysis (see equation 3). The definitions of all burst parameters are discussed in Section 2. Spitler et al. 2016 ) and FRB 180814.J0422+73 (CHIME/FRB Collaboration 2019) have been observed to repeat yet despite dedicated follow-up efforts (Petroff et al. 2015a; Ravi et al. 2015; Shannon et al. 2018) . This might be due to two possible reasons: (1) two different classes of FRB progenitors (non-repeating and repeating bursts) as suggested by Keane et al. (2016) , or (2) observational bias due to the finer localization and higher sensitivity of Arecibo and CHIME relative to Parkes. The repeating FRB 121102 has been localised to within ∼ 0.1 resolution with the Jansky VLA (Chatterjee et al. 2017) and is found to be associated to a dwarf star-forming host galaxy at z=0.19273 (Tendulkar et al. 2017 ) with a steady radio source at a separation of 0.01 determined with the European VLBI (Marcote et al. 2017) .
Several progenitor models, including both cataclysmic and non-cataclysmic scenarios, have been proposed in the FRB literature: collapsing supermassive neutron stars (NSs; Falcke & Rezolla 2014; Zhang 2014) , compact binary mergers (Piro 2012; Kashiyama et al. 2013; Totani 2013) , galactic flaring stars (Loeb et al. 2014) , radio emission from pulsar companions (Mottez & Zarka 2014) , magnetar giant flares (Popov & Postnov 2010; Kulkarni et al. 2014; Lyubarsky 2014; Katz 2016) , supergiant pulses from young pulsars (Connor et al. 2016; Cordes & Wasserman 2016; Lyutikov et al. 2016) , young rapidly spinning magnetars (Kashiyama & Murase 2017; Metzger et al. 2017 ) and plasma stream interacting with NS magnetosphere (Zhang 2017) . While most of the aforementioned models are primarily based on timescales and energetics considerations, Kumar et al. (2017) and Lu & Kumar (2018) have recently discussed the detailed calculations for the emission conditions and the plasma properties for coherent curvature radiation model. Here we concentrate only on the cosmological origin of FRBs as supported by the localisation of FRB 121102 at z = 0.19273. We consider the FRBs with total DM 500 pc cm −3 that were published until January 2019 for our analysis here. Unlike the previous population studies of FRBs, we derive the intrinsic properties of FRBs directly from observations.
In this study, we first develop a formalism to estimate the intrinsic properties of the non-repeating and repeating burst populations from the current observations. We then perform Monte Carlo (MC) simulations based on these intrinsic properties to constrain the scattering properties of the intervening IGM and ISM, FRB spatial density as a function of z, host galaxy DM and the spectral index of the assumed power-law FRB energy density. We also discuss whether the repeating FRB 121102 is representative of the entire FRB population based on its repeating behaviour and the follow-up observations for the non-repeating FRBs. This paper is organised as follows. In Section 2, we estimate the distances and intrinsic widths for the FRBs using appropriate models for the IGM and ISM properties, and further evaluate the energies and luminosities for these bursts. We then describe our MC code in Section 3 and discuss the simulation results in Section 4. We constrain the model parameters for the FRB population using the current observations. In Section 5, we investigate whether the repeating FRB 121102 is representative of all FRBs, and finally present our summary and conclusions in Section 6.
FRB INTRINSIC PARAMETERS FROM OBSERVABLES
In this section, we first estimate the distances to the observed FRBs from their total dispersion measure (DMtot) by assuming a fixed host galaxy DM contribution (DM host ).
We then obtain the intrinsic pulse widths (wint) from the observed FRB widths (w obs ) using scattering models for the pulse temporal broadening due to the multipath propagation through the ionized ISM and IGM. The burst luminosities and energies are calculated for a flat energy spectrum from the peak flux density, distance and the frequency range for FRB radio emission. We study the correlation between the intrinsic parameters and the relative contributions from different width components.
Distance and width estimates
The total DM for any FRB has contributions from the IGM (DMIGM ), the Milky Way (MW) ISM (DMMW ) and the host galaxy ISM. Including the cosmological expansion factor for the host galaxy contribution gives
The IGM contribution increases with the source redshift as (Ioka 2003; Inoue 2004; Deng & Zhang 2014 )
where fIGM = 0.83 is the fraction of baryon mass in the IGM, ne(z) = 2.1×10 −7 (1+z) 3 cm −3 is the number density of free electrons, x(z) ≈ 7/8 is the ionization fraction with cosmological parameters as H0 = 68 km s −1 Mpc −1 , Ωm = 0.27 and ΩΛ = 0.73.
The DM contribution from the Galactic ISM along the FRB source line of sight is obtained from the NE2001 model (Cordes & Lazio 2002) . The host galaxy DM contribution depends on the type of the galaxy, location of the FRB source within the galaxy as well as our viewing angle relative to the galaxy. Although the host galaxy for the repeating FRB 121102 has been identified to be a dwarf star-forming galaxy (Tendulkar et al. 2017) , there is still no information about the host galaxies for the other sources. Due to the uncertainties associated with the host galaxy properties and the FRB source location inside them, here we assume that the host galaxy has a free electron density distribution similar to that of the MW with a typical contribution of DM host ≈ 100 pc cm −3 . With the values of DMtot, DMMW and DM host known, we solve for the redshifts of the nonrepeating bursts from equation (1). As the host galaxy for the repeating FRB 121102 is localized at z=0.19273 (Tendulkar et al. 2017) , the DMIGM value is precisely known and equation (1) further gives DM host ≈ 281 pc cm −3 . Once z is estimated, the comoving distance to the source is obtained as D(z) = (8.49 Gpc)
The intrinsic width of a cosmological FRB source is broadened due to both propagation and telescope effects. Excluding the pulse broadening components from the observed width gives
where, wDM = 8.3×10
6 (DMtot ∆ν/ν 3 0 ) ms, is the dispersive smearing across single frequency channels with ∆ν and ν0 being the channel bandwidth and the central frequency of observation in MHz, respectively. While wsamp is the sampling time of the observation, wIGM /wISM,MW /w ISM,host denotes the pulse temporal broadening due to scattering in the IGM/MW ISM/host galaxy ISM and (1 + z) is the cosmic expansion factor.
As the radio pulses propagate through the ionised plasma in the intervening IGM and ISM, they are scattered due to the inhomogeneities in the electron density along the line of sight resulting in multipath propagation and thereby scatter broadening. The reported scattering timescales are significantly larger compared to the scattering timescales expected from the Galactic turbulence along such lines of sight and it is expected that most of the scattering is predominantly due to the IGM (Williamson 1972; Macquart & Koay 2013) . Due to the absence of sufficient information on the FRB scattering timescales, we consider two models to evaluate the ISM and IGM scattering broadening timescales for each FRB as discussed below.
(i) Scattering model 1: We assume that the temporal broadening w ISM,host/M W due to scattering in the host galaxy/MW ISM is related to DM host/M W as given by the empirical fit obtained by Krishnakumar et al. (2015) , Table A2 ).
where ν0,GHz = ν0/10 3 is the central frequency in GHz and 4f (1 − f ) is the lever-arm factor by which w ISM,host/M W is suppressed. We use f = 25 kpc/DL, where DL is the luminosity distance (in kpc) from the source to the observer and 25 kpc is the typical extent of a MW-like galaxy. Although most of the scattering material is present in the ISM of the host galaxy or the MW, their contribution to scatter broadening is expected to be significantly suppressed by a factor 4f (1 − f ) ∼ 10 −4 due to the asymmetric placement of the scattering screens relative to the source and the observer (Williamson 1972; Vandenberg 1976; Lorimer et al. 2013) . As the average electron density fluctuations in the IGM are expected to be less significant compared to the ISM, we assume that the scatter broadening due to IGM can be obtained by rescaling the ISM contribution by three orders of magnitude (Lorimer et al. 2013; Caleb et al. 2016) , wIGM = (4.1 × 10 −11 ms) (1.00 + 1.94 × 10
As opposed to the host galaxy/MW ISM scattering, IGM scattering is unaffected by geometrical effects such as the lever-arm effect.
(ii) Scattering model 2: In this model, we assume that the ISM scatter broadening contribution from the host galaxy and the MW are still given by the wISM − DM relation in equation (4). However, instead of rescaling w ISM,host/M W to obtain wIGM , we use the theoretical temporal smearing expression for IGM turbulence as obtained by Macquart & Koay (2013) ,
where
and kIGM is the normalisation factor (see Appendix A for a detailed derivation of equation 6). We fix the value of kIGM = 2.94 × 10 12 ms MHz 4 from equation (3) 
N( >L)
Power-law, exponential and gaussian fits for observed and intrinsic luminosity distributions Gajjar et al. (2018) and Spitler et al. (2018) . The functional forms used for the chi-squared fits of the cumulative distributions are power-law, exponential and gaussian (see Table A3 ).
Galactic ISM and can be estimated with an observationally established empirical fit, wIGM from model 2 is based on a completely theoretical model for IGM turbulence which has not been observationally verified. Previous FRB population studies (Bera et al. 2016; Caleb et al. 2016 ) have used wISM − DM relation for pulsars in the MW ISM from Bhat et al. (2004) in order to estimate the IGM and ISM scatter broadening widths. However, it has already been shown by Hassall et al. (2013) and Lorimer et al. (2013) that the scatter broadening of known FRBs is significantly smaller compared to that estimated from the Bhat et al. (2004) model. The pulse scattering width estimated from the Bhat et al. (2004) model increases considerably beyond z ∼ 0.5 (see Figure 1 of Bera et al. 2016 ) and typically exceeds the observed pulse widths for the known FRBs at high redshifts (see Table 1 ). For DM host/M W 100 pc cm
DMIGM , w ISM,host/M W obtained from equation (4) is considerably smaller compared to wIGM and other width components in equation (3) . The values of all the observed burst and telescope parameters in equations (1-6) are obtained from the FRB catalogue.
Luminosity and energy estimates
As the width of a radio pulse gets broadened by scattering in the turbulent plasma, the pulse is smeared across a longer time interval, thereby reducing its peak flux density. The fluence F obs , proportional to the total emitted energy of the pulse, is assumed to be unaffected by the scatter broadening for each burst. Once wint for a given FRB is obtained from equation (3), the corresponding intrinsic peak flux density can be estimated from the fluence as S peak,int = F obs /wint. For a power-law energy distribution of the FRB source, the bolometric luminosity and energy for the burst are given by (Lorimer et al. 2013) ,
where ν min/max is the minimum/maximum emission frequency of the FRB source, α is the spectral index and ν 1/2 is the lowest/highest frequency in the observing band of the telescope. In order to evaluate the intrinsic lumi-nosity and energy distributions for the observed bursts, we assume a flat energy spectrum (α ≈ 0) to obtain:
Here we use ν min = 600 MHz and ν max = 8 GHz that are consistent with the current observed FRB population (FRB catalogue). The assumption of a flat energy spectrum is reasonable as the FRB emission spectrum is poorly constrained at present with the spectral indices varying within a wide range.
The left-half panels in Figure 1 show the histograms for the distributions of pulse width and luminosity of the 23 non-repeating bursts from Table 1 , while the right-half panels show three functional fits for the cumulative distributions of the corresponding quantities. We obtain chi-squared fits for the cumulative distributions of the non-repeating burst parameters using three different functional forms: powerlaw, exponential and gaussian with zero mean, where the error for each data point is quantified with Poisson fluctuations. We find that wint for most bursts is a factor of ∼ 2 − 3 smaller compared to w obs and is within a relatively broad range of ∼ 0.3 − 10 ms. While most of the bursts have wint 5 ms, there is considerable spread in the width values suggesting that they are not peaked around wint ≈ 1 ms as assumed for previous MC simulations (Bera et al. 2016; Caleb et al. 2016) .
We find that the cumulative distribution of wint for non-repeating bursts is best fitted with an exponential distribution, with a cutoff around wint ∼ 2 ms that is about half of the w obs exponential cutoff. Lint varies by almost four orders of magnitude from ∼ 10 43 erg/s to ∼ 10 47 erg/s with a peak luminosity around ∼ 6 × 10 44 erg/s. As the inferred Lint values of the observed non-repeating bursts vary within a wide range, FRBs are significantly unlikely to be standard candles. We find that the cumulative distribution of Lint is best fitted with an exponential distribution for the nonrepeating bursts, with a Lint cutoff around ∼ 2 × 10 45 erg/s that is roughly twice of the exponential cutoff for L obs . Furthermore, there is no significant difference in the width and luminosity distribution fit parameters obtained by changing the scattering models.
The left-half panels in Figure 2 show the histograms for the width and luminosity distributions of the known sub-bursts from the repeating FRB 121102. The right-half panels show the chi-squared fits (with the same functional forms as the non-repeating bursts) for the cumulative width and luminosity distributions. Even though the average wint for repeating burst is smaller compared to that for the non-repeating bursts, it still varies by almost two orders of magnitude from ∼ 0.1 − 8 ms with most bursts having wint 3 ms. The fractional pulse broadening ∆wint/wint = (w obs −wint)/wint for the repeater is also found to be smaller compared to the non-repeating bursts, which is expected due to its smaller distance, and thereby lesser scatter and dispersion broadening. The cumulative wint distribution is best fitted with an exponential distribution with a cutoff wint ∼ 1.6 ms that is slightly smaller than the corresponding cutoff for w obs ∼ 2.1 ms. The luminosity varies in a considerably smaller range, Lint ∼ 10 41 − 10 43 erg/s, compared to the non-repeaters. We find that the cumulative Lint distribution is best fitted with an exponential distribution, with a cutoff Lint ∼ 2.7 × 10 42 erg/s that is slightly larger compared to the L obs cutoff. Similar to the non-repeating bursts, the difference between the scattering models is almost negligible.
Burst parameter correlation and width components
Once the burst parameters are estimated from the FRB observables, we can study the correlation between different parameters and the burst distance/energy for the nonrepeating/repeating FRBs. We show the dependence of S peak , DM and L on z for the non-repeating bursts in the top-left, top-right and bottom-left panels of Figure 3 . We find that both the observed and intrinsic S peak of these events have no apparent correlation with the inferred distances. However, the relative scatter in the flux values for a given distance is considerably larger for intermediate z ∼ 1. While the IGM contribution to the DM is found to be comparable to the host galaxy contribution for small z ≈ 0.2, DMIGM /DM host 10 for larger z 0.6. As most of the currently detected bursts have z 0.6, small variations in DM host is not expected to significantly affect DMEx = DM host + DMIGM , provided that the typical host galaxy properties are not very different from that of the MW. Furthermore, we only consider FRBs with DMtot 500 pc cm −3 to minimize the error in the inferred z due to the assumptions about the host galaxy properties. The burst luminosities increase on an average with an increase in the burst distance, which is expected as S peak for FRBs is almost independent of z. Moreover, the bursts with higher Lint are easier to detect from larger distances compared to dimmer FRBs, for a given telescope sensitivity. Due to the apparent positive correlation of the burst luminosities with their inferred distances, FRBs are not expected to be standard candles as previously expected. In the bottomright panel of Figure 3 , the dependence of S peak on E obs is shown for the reported sub-bursts of repeating FRB 121102. We find that the more energetic sub-bursts have a larger value of S peak on average, which is reasonable as brighter bursts detected from a given distance are expected to emit more energy.
The scatter broadening width for a given FRB source can be written as,
0.5 . For non-repeating FRBs, we show the variation of the observed width components wDM , wsc and wint with distance in the top-left panel of Figure 4 , while the variation of the scattering width components w ISM,host , wISM,MW and wIGM with distance are shown in the topright panel of Figure 4 . The ISM broadening contributions are found to be very small with wISM,MW 10 −3 ms and w ISM,host 10 −6 ms, which is expected as the ISM contribution is suppressed relative to the IGM contribution by the geometrical factor 4f (1 − f ) ∼ 10 −4 . While the width broadening due to IGM turbulence is larger atleast by an order of magnitude for scattering model 2 at smaller redshifts z 1, the IGM contributions for both scattering models are roughly equal for z 2 as wIGM increases faster with distance for model 1. The dispersive smearing wDM is approximately of the same order of magnitude as w obs and wint for a given FRB, with 10 −1 ms wDM 10 1 ms for all bursts. The smallest contribution to the pulse width broadening is from scattering with wsc 1 ms for almost all bursts. As w obs ∼ wDM wsc for most FRBs, wDM is the dominant contribution to the temporal broadening. Even though the intrinsic pulse width varies considerably with 10 −1 ms wint 10 ms, the two scattering models are essentially indistinguishable due to the small scatter broadening contributions with wint,1 ≈ wint,2.
The bottom-left panel of Figure 4 shows the variation of w obs components with E obs , while the bottom-right panel shows the variation of wsc components with the emitted energy for the sub-bursts of FRB 121102. We find that the ISM broadening contributions from both host galaxy and MW are very small with w ISM,host/M W 10 −4 ms for all sub-bursts. As the redshift z ≈ 0.19273 is relatively small for FRB 121102, the width broadening due to IGM turbulence is much more significant for scattering model 2 relative to model 1. The dispersive smearing is found to be smaller compared to most non-repeating FRBs with 10 −1 ms wDM 1 ms. While w obs and wint are approximately of the same order of magnitude, wDM is about one order of magnitude smaller. We find that scatter broadening wsc 2 × 10 −2 ms is the smallest contribution to the width broadening. Even though wDM is the dominant contribution to the pulse broadening with w obs > wDM wsc, wDM for FRB 121102 sub-bursts are considerably smaller compared to that for the non-repeating FRBs due to the relatively small DMtot for FRB 121102. The intrinsic width varies considerably within 1 ms wint 10 ms with wint ≈ w obs , implying that a considerable fraction of w obs for FRB 121102 is from wint and not due to the dispersive smearing or scatter broadening of the pulse. Although wsc1 wsc2, the scattering models are still indistinguishable with wint,1 ≈ wint,2 due to the minimal IGM and ISM scatter broadening contributions.
For both non-repeating bursts and FRB 121102, we find that most of the pulse temporal broadening is due to dispersive smearing and not IGM or ISM scattering. The contribution from wDM to the width broadening is found to be considerably larger for the non-repeating FRBs in comparison to the FRB 121102 sub-bursts, which is expected due to the larger DMtot values for the non-repeating FRBs. The IGM scatter broadening is the dominant contribution to wsc for both classes of FRBs while the wISM contributions are significantly smaller due to the geometrical lever-arm effect. The intrinsic width for both FRB classes is found to be largely scattering model-independent. Moreover, there is a considerable spread in the wint values within a range of ∼ 10 ms/∼ 8 ms for the non-repeating/repeating bursts with most FRBs having wint 5 ms/wint 3 ms. We estimate the average relative broadening of the intrinsic width, ∆wint/wint = (w obs − wint)/wint, to be ∼ 150%/∼ 20% for the non-repeating/repeating FRBs. 
MONTE CARLO SIMULATIONS
In the previous section, we developed a formalism in order to estimate the intrinsic properties of the FRBs such as wint, S peak,int , Lint and E obs , from the observables for both nonrepeating and repeating bursts. Here we describe our MC code with which we constrain the various properties of the FRB source, its host galaxy and the intervening turbulent plasma from the observed properties of the reported FRBs. We first discuss the initial parameters and distributions used in the MC code. Next, we briefly describe the algorithm of our MC code.
Input parameters
The input parameters used for our MC simulations are:
• Burst type: We categorise all FRBs into two different classes of bursts: non-repeating and repeating FRBs.
We model the population of the non-repeating/repeating FRBs found at the Parkes MB/Arecibo ALFA (see Table 2 for the system parameters of these surveys • Scattering model: To determine the scatter broadening of the intrinsic pulse width for each FRB due to propagation through the turbulent ISM and IGM, we consider either scattering model 1 or model 2 (see Section 2.1). • FRB source spatial density n(z): In order to estimate the number of FRB sources in a given comoving volume, we consider three different spatial density distributions:
-
(i) Non-evolving (NE) population: The number of FRB progenitors increases linearly with the comoving volume for a non-evolving population. From Table 1 , we know that the maximum inferred redshift value for the reported FRBs is z ≈ 2.3. We generate FRBs upto a maximum redshift zmax = 3.0, corresponding to a maximum comoving volume Vc,max ≈ 1286 Gpc 3 for typical cosmological parameters. The comoving distances to the FRBs are obtained as Dc = (3ζ1Vc,max/4π) 1/3 , where ζ1 is a uniform random number between 0 and 1. The associated z is then obtained by inverting
(ii) Tracking cosmic star formation history (SFH): As the majority of the FRB progenitor models suggested (including both cataclysmic and non-cataclysmic scenarios) involve young neutron stars, the spatial distribution of FRBs is expected to track the cosmic SFH. Furthermore, few reported FRBs have inferred distances exceeding z ≈ 2.0, in which case the FRB spatial density can be significantly different compared to a NE population. We consider the cosmic SFH functional fit suggested by Madau & Dickinson (2014) ,
The FRB redshifts are generated by inverting ζ2
, where ζ2 is a uniform random number between 0 and 1. We then obtain z = 12.05ζ2 − 57.16ζ (iii) Power-law (PL) distribution: We also consider a broken power-law FRB spatial density given by,
where n0 is a constant, α l /αu is the lower/upper powerlaw index, zmin/zmax is the minimum/maximum redshift and zcrit is the redshift at which n(z) peaks. We try to constrain the distribution parameters α l , αu and zcrit from the observed FRB population. From the cosmic SFH fit (equation 8), we have α l ≈ 2.7 at low z, αu ≈ −2.9 at high z and zcrit ≈ 1.85 from the peak of the distribution. We use zmin = 0 and zmax = 3.0 to generate the FRB redshifts from the power-law n(z) distribution.
• β-parameter for DM host : As opposed to a constant DM host contribution along all lines of sight, we assume that the free electron density distribution in the host galaxy is similar to that of the MW and can be obtained using the NE2001 model. We estimate the DM contribution due to the host galaxy ISM along the FRB source line of sight as, DM host = βDMNE2001, where β is the parameter that accounts for the size of the FRB source host galaxy relative to the MW and DMNE2001 is the DM value predicted by the NE2001 model. In this work, we consider β = 0.1, 1.0 and 10.0 for the non-repeating FRBs. For the repeating FRB 121102, we use DMMW = 188 pc cm −3 and DM host = 281 pc cm −3 for all generated FRBs.
• FRB energy density spectral index α: Instead of using a flat FRB energy spectrum, we assume that the FRB energy spectrum can be modelled using a power-law, E ν = kν α , where ν is the frequency in the source frame and α is the spectral index. The FRB bolometric luminosity and energy are then given by equation (7). Even though the coherent emission mechanism for FRBs suggests a negative spectral index, the spectral indices for some of the reported bursts vary within a wide range. For completeness, here we consider α = −3.0, -1.5, 1.5 and 3.0.
MC code algorithm
At the start of the simulation, we select a specific scattering model and burst type for the FRB events to be generated. We then draw the intrinsic pulse width wint and luminosity Lint of the first event from the corresponding best fit chi-squared distributions (Tables A2 and A3 ) and compute the burst energy Eint = wintLint. Next, we draw D(z) for the burst and evaluate the corresponding z for the chosen FRB spatial density model n(z). Once the distance to the FRB is known, we further estimate DMIGM (z) and wIGM (z) for the scattering model selected. We then draw a random line of sight in the MW and get DMMW from the NE2001 model. For the host galaxy ISM contribution, we choose a random line of sight in the host galaxy to evaluate DM host = βDMNE2001 for the β value selected. Once the DMMW and DM host contributions are known, we obtain the corresponding width broadening components wISM,MW and w ISM,host . We include the IGM contribution to the DM to estimate DMtot and the pulse dispersive smearing wDM . The observed pulse width w obs is obtained by adding wsamp to the previously estimated width components (see equation 3).
For a power-law FRB energy density with spectral index α chosen earlier, the peak flux density at the beam center S peak,bc can be obtained from Lint for an observation in the frequency band between ν1 = ν0 − (1/2)ν bw and ν2 = ν0 + (1/2)ν bw as
We assume FRB coherent emission to be in the frequency range between ν min = 600 MHz and ν max = 8 GHz, in agreement with the current observations. However, the observed flux S peak,obs can be significantly smaller compared to S peak,bc due to the finite telescope beam size and for a Gaussian beam profile is given by
While the probability of a particular beam detecting the FRB event is proportional to its area ∼ πr 2 beam , the radial distance r from the beam center is chosen randomly. For pulses detected in single-pulse searches, the search trial width w trial has to be closest to the observed pulse width w obs . In our simulation, we generate w trial in powers of two starting from wsamp in order to find w trial nearest to w obs . Once w trial is determined, the signal-to-noise ratio S/N for optimal detection is obtained from S peak,obs and the other telescope parameters as
The FRB event is detected only if S/N 9 (5) for Parkes MB (Arecibo ALFA) and the simulation continues with the aforementioned algorithm until N det = 3000 events have been detected. From S peak,obs of a given FRB, we further obtain the observed fluence F obs = S peak,obs w obs , luminosity L obs = 4πD(z) 2 (1 + z)S peak,obs (ν max − ν min )
and energy E obs = 4πD(z) 2 (1 + z)F peak,obs (ν max − ν min ). The observed (S peak,obs , F obs , DMtot, w obs ) and inferred (z, L obs , E obs ) properties for every detected burst are stored for comparison with the observed FRB population in order to constrain the input parameters.
SIMULATION RESULTS AND PARAMETRIC CONSTRAINTS
In the previous section, we described the MC code algorithm and discussed the input parameters for our code. Here we present the simulation results for the non-repeating FRBs and further compare them with the current observations in order to constrain the model parameters of the FRB population. We first discuss the simulation results of the NE and SFH n(z) distributions for non-repeating FRBs that are detectable with Parkes to identify the parametric spaces (β,α) where the KS value γ is maximised for a given choice of the scattering model and n(z) distribution. Then, we specifically consider the cases where γ is maximised to further constrain the parameters of the PL n(z) distribution and identify (α l ,αu,zcrit) favored by the observations.
NE and SFH FRB spatial densities
We show the results for the simulated w obs , S peak,obs and DMtot distributions of the non-repeating FRBs and compare them with the data from Parkes at ν obs = 1.4 GHz in Figure 5 . These simulations are performed for NE and SFH n(z) distributions with DM host in the range β ∼ 0.1 − 10.0 and the energy spectral index within range α ∼ −3.0 to 3.0. We consider both scattering models for the MC simulations even though their relative difference is not found to be significant for the parametric space considered (see Section 2). We consider w obs and S peak,obs to be the independent parameters among (w obs , S peak,obs , F obs ) in addition to DMtot to evaluate the equivalent KS value γeq = γ 2 w obs + γ
We find that for both NE and SFH populations of the FRBs, the observed w obs from Parkes are in better agreement with the simulated w obs for a relatively small DM host contribution corresponding to β ∼ 0.1 − 1.0 as opposed to β 10.0. Moreover, the observed w obs distribution suggests a large negative spectral index α for the FRB energies as γw obs gradually decreases as α increases for both n(z) distributions. In case of S peak,obs , we find that the DM host contribution does not significantly affect the observed distribution for either of the FRB population densities. However, the observed S peak,obs from Parkes can be better explained for a shallower FRB energy spectrum with γS peak,obs (α = 1.5) γS peak,obs (α = −1.5) > γS peak,obs (α = ±3.0) for both n(z) considered. For both n(z) distributions used here, DM host DMMW is clearly favored from the DMtot detected at Parkes with γDM tot (β ∼ 0.1 − 1.0) γDM tot (β ∼ 10.0). The observed DMtot values at Parkes are expected to arise from a relatively shallow FRB energy density distribution with α ≈ −1.5 for both FRB n(z).
While the scattering models for IGM and ISM turbulence cannot be significantly differentiated using the observed non-repeating FRB population at present, model 2 is found to be in slightly better agreement with the Parkes data. From the simulated FRB parameters and the Parkes data, we find that the host DM contribution is likely to be smaller or comparable to the MW contribution with the likelihood order β = 1.0 ≈ β = 0.1 > β = 10.0. Furthermore, a larger negative value of α is favored by the FRB observations in general with the order α = −3.0 > α = 1.5 α = −1.5 α = 3.0. While the non-repeating FRB population observed with Parkes that is considered here does not clearly differentiate between the FRB n(z) distributions, we find the SFH FRB spatial density to be more likely. It should be noted that NE and SFH n(z) have similar redshift distribution for FRBs upto z ≈ 2.0, where most of the FRBs are generated in the MC simulations and also observed.
PL FRB spatial density
From the top-half of Table C1 , the five cases with either NE or SFH n(z) for which γeq is maximised and γeq 0.2 for a given choice of β, α and the scattering model can be identified as:
(1) β = 1.0 and α = −3.0 for scattering model 2 (2) β = 0.1 and α = −3.0 for scattering model 2 (3) β = 1.0 and α = 1.5 for scattering model 2 (4) β = 0.1 and α = 1.5 for scattering model 1 (5) β = 10.0 and α = 1.5 for scattering model 1
We show the simulated w obs , L obs and E obs distributions corresponding to these cases for comparison with the observed non-repeating FRB population detected by Parkes at ν obs = 1.4 GHz in Figure 6 . In order to constrain the parameters (α l ,αu,zcrit) of the PL n(z) distribution, we perform the MC simulations with either varying zcrit or varying (α l ,αu) for each of these cases listed above. We consider zcrit = 1.0, 2.0, 3.0 for fixed (α l ,αu) = (2.7,-2.9), where the values for the PL indices are motivated from the SFH distribution at asymptotically low and high redshifts. For the fixed zcrit case, we consider (α l , αu) = (0, −3), (3, 0), (0, 0) and the value of zcrit = 1.85 is chosen to resemble the redshift at which the cosmic SFH distribution peaks.
The bottom-half of Table C1 lists the γ values obtained by comparing the simulated parameters for both the fixed zcrit and fixed (α l ,αu) cases with the observed FRBs from Parkes. Along with w obs , we consider L obs and E obs as the independent parameters for the KS analysis in case of PL n(z) as they are directly correlated with S peak,obs and F obs for a given z, which in turn depends on the specific n(z) distribution. The value for equivalent KS is obtained from these parameters as γeq = γ 2 w obs + γ
. From the fixed (α l ,αu) and varying zcrit case, we find that the agreement of each of the simulated w obs , L obs and E obs distributions with the corresponding observed/inferred quantities from Parkes is considerably better for a smaller value of peak redshift for the FRB PL spatial density with γi(zcrit = 1.0) > γi(zcrit = 2.0) > γi(zcrit = 3.0) for i = w obs , L obs , E obs and most of the cases considered. Moreover, for the fixed zcrit and varying (α l ,αu) case, we find that the observed w obs and inferred E obs from Parkes Michilli et al. (2018) , Gajjar et al. (2018) and Spitler et al. (2018) .
can be better explained with a FRB spatial density that gradually decreases with the source distance as 0) ] for both these burst parameters. In case of L obs as well, a FRB n(z) decreasing over distance is preferred by the current data with the likelihood order for PL indices being (0, −3) > (3, 0) ∼ (0, 0). Combining the results from the fixed (α l ,αu) and fixed zcrit cases for PL n(z) obtained here with those for SFH n(z) in Section 4.1, we find that the FRB spatial density is likely to be a PL distribution with a peak around the redshift zcrit ∼ 1.0. The reasonable agreement of the burst parameters with the observed FRB population at Parkes for SFH n(z) also suggests PL indices α l ≈ 3.0 and αu ≈ −3.0 at asymptotically low and high redshifts, respectively. Here we have further constrained the decreasing FRB spatial densities at large distances to obtain an upper PL index αu ∼ −3.0. Therefore, it is likely that the PL indices for the FRB spatial density are α l ∼ 0 − 3 and αu ≈ −3 with the distribution peaking at slightly smaller redshifts compared to the cosmic SFH.
FRB POPULATION AND REPEATABILITY
In Section 4, we constrained the FRB host galaxy DM, spectral index of the energy density, spatial distribution of the bursts and also the scattering due to turbulence in the intervening IGM and ISM using the observations for non-repeating/repeating bursts from Parkes/Arecibo. Now we use the follow-up data for FRBs in order to investigate whether FRB 121102 is representative of all FRBs repeating with a universal energy distribution function (EDF). Even though most FRBs have been extensively followed up with dedicated surveys ranging from few hours to ∼ 1000 hrs, none of them except FRB 180814.J0422+73 were observed to be repeating. Table 3 lists the published follow-up observation data for the repeating FRB 121102 and 22 nonrepeating FRBs from Table 1. There can be two possible reasons for the repeating bursts from other FRBs to not get detected inspite of a universal repetitive behaviour for FRBs: (a) the current observing times t obs are smaller compared to the repeating timescale trep for the FRBs, or (b) the repeating bursts from the other FRBs are very dim and cannot be detected with the typical sensitivities of the current telescopes.
The Parkes sensitivity threshold at ν obs = 1.4 GHz for S/N = 9 and an arbitrary w obs is S th = 0.36 Jy (w obs /1 ms) −1/2 (Caleb et al. 2016 ). For pulse widths in the range w obs ∼ 1.00 − 8.00 ms, S th for Parkes varies within the range ∼ 0.1 − 0.4 Jy. It should be noted that all the inferred energies in Table 1 are based on the lower limits for the fluence due to the uncertainty in the position of the source within a single beam and the assumption of on-axis detection for all bursts. Since Parkes is less sensitive as compared to Arecibo, we only include the repeating FRB 121102 sub-bursts for which S peak,obs exceeds the Parkes S th for evaluating the repeater cumulative energy distribution (CED). Out of the 88 repeating bursts from FRB 121102 that we consider here, 65/55/46/21 bursts would have been above the Parkes S th ∼ 0.10/0.13/0.20/0.40 Jy at ν obs = 1.4 GHz.
The left-hand panel of Figure 7 shows the chi-squared PL, exponential and gaussian (with zero mean) fits for the CED of FRB 121102 along with theṄ (> E obs ) upper limits for the non-repeating FRBs. While the repeating FRB CED is normalized with its total observing time t obs = 235.7 hr, theṄ (> E obs,i ) values for the individual non-repeating FRBs are normalized asṄ (> E obs,i ) = 1/t obs,i , where t obs,i is the observing time corresponding to the i-th burst. The best fit distribution for the CED of the repeating FRB is found to be:Ṅ0 exp(−E obs /E0) with (Ṅ0, E0) = (0.283 hr For each FRB, the threshold energy corresponding to a fluence completeness threshold F th is E th (zi) = 4πD 2 (zi)F th (1 + zi)(ν max − ν min ). The average number of repeating events with energy E E th (zi) within time t obs,i for a burst at redshift zi is
If all other FRBs repeat at the same rateṄ0 as FRB 121102, the probability of observing none of the detected bursts to be repeating for a given value of F th is
In the right-hand panel of Figure 7 , we show the variation of P(F th ) within a range of F th for the 22 non-repeating FRBs with t obs,i listed in Table 3 . We evaluate the P(F th ) curves from equation (14) for the (Ṅ0, E0) values corresponding to Parkes S th = 0.10/0.13/0.20/0.40 Jy. The fluence completeness threshold for the Parkes FRBs was derived to be F th ≈ 2 Jy ms by .
We find that the probability of observing none of the 22 non-repeating FRBs that have been followed up so far to be repeating lies within the range P(F th ) ≈ 0.8 − 1.0 for F th ≈ 2 Jy ms and Parkes S th ∼ 0.1 − 0.4 Jy. This is significantly larger than the probability ∼ 0.05 − 0.3 obtained by Lu & Kumar (2016) for a smaller sample size and further supports repeating FRB as being representative of the entire FRB population. Although the follow-up observing times t obs,i have increased for the non-repeating FRBs now, the exponential EDF for the repeating FRB coupled to the difference in the mean E obs for the non-repeating and repeating FRBs by almost three orders of magnitude implies that the other FRBs need to be followed up for significantly longer before concluding in favour of distinct FRB populations. It should however be noted that t obs,i for the FRBs are spread over different telescopes with a range of observ-ing frequencies and sensitivities, and a more rigorous analysis regarding the repeatability of the FRBs would involve using a uniform sample which is possible once more bursts are followed up in the future.
SUMMARY AND CONCLUSIONS
In this paper, we described a formalism to study the intrinsic properties of the observed non-repeating and repeating FRBs and used MC simulations to constrain the properties of the FRB source, its host galaxy and the intervening turbulent medium from the current observational data. Although the physical origin of these events is still a matter of open debate with no concrete information about the progenitor model and/or radiation mechanism known at present, the population modelling of the FRB parameters helps in extracting useful information regarding the physical properties of these radio bursts from their observations. We have only considered FRBs with DMtot exceeding 500 pc cm −3 that were published until January 2019 and derived their intrinsic properties self-consistently from the observations without assuming any initial distributions for the FRB parameters. The methods presented in this work can potentially be used in the near future in order to place even more tighter constraints on the burst properties and make observational predictions as the FRB population is expected to grow rapidly over the next few years with many radio transient surveys collecting more data.
We estimated the individual burst distances and intrinsic pulse widths by assuming a fixed host galaxy DM contribution and two scattering models for the temporal broadening due to multipath propagation of the pulse through ionized plasma, respectively. While wISM is suppressed relative to wIGM by the geometrical lever-arm factor ∼ 4f (1 − f ) for both scattering models, wIGM for model 2 is based on a theoretical model for IGM turbulence as opposed to an observationally established empirical fit for model 1. After computing S peak,int from wint and F obs , we obtained the bolometric luminosity and energy for the bursts for a flat FRB energy spectrum with coherent emission within frequency range ν min = 600 MHz to ν max = 8 GHz. We obtained chi-squared fits for the cumulative distributions of wint and Lint of the FRBs, and used them to constrain the physical properties of FRBs with our MC code.
It should be noted that a larger host galaxy DM contribution would result in a smaller inferred z from equation (1) leading to a correspondingly small DM contribution from the IGM. The IGM scatter broadening wIGM will then decrease while w ISM,host from the host galaxy ISM increases. As w ISM,host is suppressed significantly relative to wIGM by the geometrical lever-arm factor, there is a net increase in wint with increase in DM host . However, as wIGM is almost two orders of magnitude smaller compared to wint for both populations of FRBs (see Figure 4) , the resultant increase/decrease in wint/S peak,int is negligible and the reduction in the inferred L and E values from equation (7) can be ignored. Therefore, the wint and Lint distributions derived for a typical MW-like host galaxy with DM host ≈ 100 pc cm −3 in Section 2 will not change appreciably. Similarly, the assumption of a flat FRB energy spectrum with α ≈ 0 within the frequency range ν min = 600 MHz to ν max = 8 GHz does not affect the inferred luminosity values significantly relative to the α ≈ −1.4 case for the Kolmogorov turbulence spectrum.
The distances to the simulated bursts are initially determined from the FRB spatial density (NE/SFH/PL) and the IGM contributions to the DM and width of the pulse are computed using z. The host galaxy DM contribution is obtained by assuming it to be a MW-like galaxy and scaling DMNE2001 with the parameter β ∼ 0.1 − 10. The telescope beam center flux density is then obtained for a PL FRB energy density E ν = kν α , observing frequency bandwidth (ν1, ν2) = (ν0 − 0.5ν bw , ν0 + 0.5ν bw ) and FRB coherent emission frequency range (ν min , ν max ) = (600 MHz, 8 GHz) from equation (10). We modelled the flux degradation due to finite telescope beam size using a Gaussian beam profile to obtain the S peak,obs from equation (11). The S peak,obs dependent S/N is computed for every simulated burst and the FRB is detected if its flux density exceeds the telescope sensitivity threshold.
We compare the properties of the simulated nonrepeating/repeating FRBs with those observed at Parkes/Arecibo in order to constrain the host galaxy DM relative to MW β, PL energy density spectral index α, scattering in the intervening turbulent plasma and the spatial density n(z) of the FRB sources. Lastly, we discuss whether repeating FRB 121102 is representative of the entire FRB population based on its repetition rateṄ0 and a universal EDF. In the following, we summarise the main results of this work:
(i) The wint for non-repeating (repeating) FRBs varies within a broad range ∼ 0.3 − 10 ms (∼ 0.1 − 8 ms) and the cumulative width distribution is an exponential function with a cutoff wint,c ∼ 2.0 ms (∼ 1.6 ms), while Lint varies within ∼ 10 43 − 10 47 erg/s (∼ 10 41 − 10 43 erg/s) with an exponential cumulative distribution and cutoff Lint,c ∼ 2.0 × 10 45 erg/s (∼ 2.7 × 10 42 erg/s). The ISM contribution to the width broadening is significantly suppressed in comparison to wIGM due to the geometry of the scattering medium along the line of sight to the FRB source with wISM,MW 10 −3 ms and w ISM,host 10 −6 ms for nonrepeating FRBs and w ISM,host/M W 10 −4 ms for repeating FRBs. As a result, the pulse width broadening due to scattering wsc ≈ wIGM for both classes of bursts. The scatter broadening of the pulse is found to be the smallest contribution to the w obs with wsc 1 ms (wsc 2 × 10 −2 ms) for the non-repeating (repeating) bursts. We find that wint is largely scattering model independent for both classes of FRBs, and the average relative temporal broadening ∆wint/wint ∼ 150% and ∼ 20% for nonrepeating and repeating bursts, respectively. While wDM is the dominant contribution to the temporal broadening for non-repeating FRBs with w obs ∼ wint ∼ wDM wsc, the dispersive smearing in case of repeating bursts is significantly smaller with w obs ≈ wint wDM wsc. Due to the small z ≈ 0.19273 for FRB 121102, wsc and wDM contributions are found to be almost negligible and a considerable fraction of w obs is expected to come from wint.
(ii) We find that the SFH spatial density is preferred over the NE spatial density based on the current Parkes observations reported at ν obs = 1.4 GHz. However, the current FRB observations from Parkes do not provide a sufficiently large data sample in order to distinguish substantially between the two IGM scattering broadening models considered here. The DM contribution from the host galaxy of the FRB source is expected to be either smaller or comparable to the Galactic contribution with β ∼ 0.1 − 1. The Parkes observations for the non-repeating FRBs favour a large negative value of the FRB energy density spectral index α within the range -3.0 to -1.5. We also compared the simulated FRB parameters with the Parkes data to constrain the peak redshift and low/high-z PL indices of the FRB spatial density. The spatial density of FRBs is likely to be a PL distribution peaking at smaller redshifts zcrit ∼ 0.5 − 1.0 compared to the cosmic SFH. The FRB density is expected to increase upto z ≈ zcrit with a PL index α l ∼ 0 − 3 and drop considerably at larger distances with αu ≈ −3.
(iii) We used the published FRB follow-up observing data in order to investigate whether FRB 121102 is representative of the entire population. The CED for the repeating FRB was computed by only including the FRB 121102 bursts for which S peak,obs exceeds the Parkes S th . We obtained an exponential CEDṄ0exp(−E obs /E0), with repetition rateṄ0 ∼ 0.090 − 0.283 hr −1 and cutoff energy E0 ∼ (4 − 6) × 10 39 erg for Parkes S th ∼ 0.1 − 0.4 Jy. We find that if all FRBs repeat at the same rateṄ0 ∼ 0.090 − 0.283 hr
and with a universal EDF, the probability of observing none of them to be repeating is ∼ 0.8 − 1.0 for F th ≈ 2 Jy − ms and Parkes S th ∼ 0.1 − 0.4 Jy. As the universal EDF is an exponential distribution with a cutoff energy that is much smaller compared to the typical non-repeating FRB energies, significantly longer FRB follow-up observations are needed to distinguish between the FRB populations. Here we derive the expression (equation 6) for the pulse temporal smearing due to IGM turbulence for the theoretical model proposed by Macquart & Koay (2013) . The IGM temporal smearing wIGM can be written in terms of the angular size of the image due to scatter broadening θsc = f DLS/DSk r dif f as
where DL/DS/DLS is the angular diameter distance from the observer to the scattering region/observer to the source/scattering region to the source, zL/zS/zLS is the corresponding redshift, D ef f = DLDLS/DS and λ = 2π/k is the wavelength in the observer frame. We consider the case when the diffractive length scale r dif f is smaller compared to the inner scale of the scattering region l with the constant f = 1.18 to obtain r dif f = (8.0 × 10 9 m) λ
0 , where λ0 = λ/(1 m), SM eff,0 = SM eff /(10 12 m −17/3 ) and l0 = l/(1 AU).
The z-corrected effective scattering measure is
where dH (z ) = (c/H0)[Ωm(1 + z ) 3 + ΩΛ] −1/2 and K1 ≈ (9.42 × 10 −14 m −20/3 ) is constant for the scattering region outer scale L ∼ 1 pc and Kolmogorov turbulence spectrum. Substituting r dif f in terms of SM eff into equation (A1) and further rewriting λ0 = c/ν0 gives the temporal smearing (in sec)
2 )(l0/1 AU) −1/3 is constant and ν0 is the wave frequency in Hz in the observer frame. Now we write D ef f and zL in equation (A3) in terms of the source redshift zS. We compute the maximum pulse temporal smearing assuming that the IGM scattering region is placed exactly midway along the source to the observed line of sight (Vandenberg 1976; Lorimer et al. 2013) , with DL = DLS and DL = (1/2)DS which further reduces to
respectively. Substituting the second integral on the righthand side of equation (A5) with equation (A4) and using 1+ zLS = (1+zS)/(1+zL) gives the solution to the simultaneous equations (A4) and (A5) to be
where we have replaced zS with z. Lastly, using D ef f = (1/4)DS and SM ef f (z) from equation (A2) in equation (A3) gives
where kIGM is the redshift independent normalisation factor including K1 and K2, ν0,GHz = ν0/10 9 and ZL = (1 +
.
APPENDIX B: SIMULATION RESULTS FOR REPEATING FRB 121102
Here we discuss the simulation results for the sub-bursts of the repeating FRB 121102 in order to better constrain the spectral properties of this source. In Figure A1 , we show the results for the simulated S peak,obs and F obs distributions of the repeating bursts and further compare them with the Arecibo observations at ν obs = 1.4 GHz. We fix the host galaxy DM contribution relative to MW β and the spatial density n(z) model for all the simulations as the source redshift and the individual DM components (DMIGM , DMMW and DM host ) along the line of sight are both well known for FRB 121102. Also, we only consider model 1 for the IGM and ISM scattering in our simulations as the relative difference between the scattering models is found to be negligible for FRB 121102. We consider the value of the energy spectral index α to be varying within the range of -5.0 to 3.0, as supported by the current observations. As z = 0.19273 is fixed for all the FRB 121102 bursts, the distribution for L obs /E obs is essentially the same as that for S peak,obs /F obs while the DMtot is fixed. This reduces the number of independent parameters among the observed/inferred quantities to only two, and here we consider S peak,obs and F obs as the independent parameters for our analysis. Table A1 lists the γ values from the comparison of the simulated S peak,obs and F obs with the Arecibo ν obs = 1.4 GHz population. The equivalent KS value is obtained from the two observable parameters as γeq = γ 2 S peak,obs + γ 2 F obs . We find that the observed S peak,obs for FRB 121102 bursts detected by Arecibo agree better with the simulated S peak,obs results for positive energy spectral indices, especially α ≈ 2.0. However, the observed F obs for the Arecibo bursts implies either a steep increasing or decreasing energy spectrum for this FRB. The γeq values obtained for FRB 121102 suggest a large negative α ∼ −5.0 to − 4.0 or moderately positive α ∼ 1.5 to 2.0 for this repeating FRB. As a result, it is very unlikely that the repeating FRB 121102 has a flat energy spectrum across its entire emission range and its spectrum is expected to be better constrained in the future once more bursts are detected by Arecibo at ν obs = 1.4 GHz and their spectral information are available. Figure A1 . Comparison of repeating FRB sub-bursts detected by Arecibo at observing frequency ν obs = 1.4 GHz and simulated S peak,obs and F obs for FRB 121102 with different spectral indices. In both the panels, the MC simulation results are shown for α values ranging from -5.0 to 3.0. While β and n(z) are fixed for the repeating FRB simulations, we only consider model 1 for the IGM and ISM scattering as the difference between the scattering models for the FRB 121102 sub-bursts is found to be negligible (see Section 2.3). Left panel: Simulation results for S peak,obs and different α, Right panel: Simulation results for F obs and different α. Table A1 . KS test values from the comparison of simulated S peak,obs and F obs with the observed repeating FRB 121102 sub-burst population detected at Arecibo with ν obs = 1.4 GHz. The γ values are obtained for a fixed β and n(z) with γeq = γ 2 S peak,obs
All the values are listed for scattering model 1 as the difference between the intrinsic distributions is found to be insignificant between the two scattering models (see Table A3 ). 
APPENDIX C: FRB INTRINSIC DISTRIBUTIONS AND KS ANALYSIS
Here we list the best fit distribution parameters for both non-repeating and repeating FRBs as well as the KS test values obtained from the comparison between simulated and observed FRB population at Parkes. Table A2 lists the functional fit parameters with the corresponding chi-squared values for the pulse width and luminosity of the non-repeating FRBs. The repeating FRB width and luminosity distribution fit parameters with the chi-squared values are listed in Table A3 . The top-half of Table C1 lists the KS test values (γ) obtained from the comparison of the simulated parameters with those from the observed population at Parkes. 
